Background and aims Plant diversity -ecosystem processes relationships are essential to our understanding of ecosystem functioning. We aimed at disentangling the nature of such relationships in a mesotrophic grassland that was highly heterogeneous with regards to nutrient availability. Methods Rather than targeting primary productivity, like most existing reports do, we focused our study on belowground ecosystem processes. We tested three, largely mutually exclusive, hypotheses of ecosystem processes relationships: the redundancy hypothesis, the insurance hypothesis and the centrifugal model hypothesis. We sampled the grassland twice within a single plant growing season in a spatially explicit way and assayed the soil for nitrification, urease activity, relative bacterial activity and a microbial community profile based on respiration while we simultaneously assessed plant diversity. Results Results supported the centrifugal model. We justify the lack of support for the other two hypotheses on the basis of having conducted an observational study in an environmentally heterogeneous site. Conclusions The centrifugal model hypothesis appears to be a very good predictive model for explaining diversity in observational, heterogeneous studies. The Plant Soil (2018) 424:491-501 https://doi
Introduction
The relationship between species diversity and ecosystem functioning is highly controversial. The early work from Odum (1953) and MacArthur (1955) advocated for increased stability of complex communities, which was later challenged by theoretical work from May (1972) and Pimm (1982) . The work of Schulze and Mooney (1993) revived the debate on whether a universal relationship between horizontal diversity (i.e. diversity within a single trophic level) and ecosystem functioning exists, and the possible implications of such a relationship for management and conservation. Understanding the link between the functioning of communities and complexity is a priority for ecologists given the ongoing biodiversity loss (e.g. Chapin III et al. 1997) . Currently, there are three theories that address horizontal diversity of terrestrial plants and ecosystem functioning: the redundancy model theory, the insurance hypothesis and the centrifugal organization model (Hooper et al. 2005; Keddy 1990 ). Most of the literature, however, focuses on the redundancy theory and the insurance hypothesis (Hooper et al. 2005 ).
The redundancy model theory postulates that increased diversity leads to higher rates of ecosystem processes till a certain threshold, above which there is saturation (Hooper et al. 2005; Reiss et al. 2009 ). In early studies addressing the redundancy hypothesis, authors tended to use species richness as a measure of diversity but nowadays there is a considerable amount of literature that alternatively utilizes variable forms of functional diversity (Reiss et al. 2009 ). The extent of the redundancy zone in such a relationship has been questioned with a recent reanalysis of seventeen biodiversity experiments, which suggests that there is no functional redundancy among co-occurring plant species (Isbell et al. 2011; Fig. 1a) . The absence of a redundancy zone appears to be supported by theoretical work by Yachi and Loreau (1999) who demonstrated that one component of increasing horizontal diversity is a performance-enhancing effect . In addition, numerous empirical studies have demonstrated a performance-enhancing effect of diversity (e.g. Hector et al. 1999 but see Adler et al. 2011) .
The insurance hypothesis on the other hand postulates that increasing diversity has a protective (= insurance) effect against spatial and temporal variability with regards to ecosystem functioning (McNaughton 1977; Yachi and Loreau 1999; Hooper et al. 2005 ; Fig. 1b) . The idea behind the hypothesis is that a number of mechanisms allow a more steady delivery of ecosystem processes over time and space at (McNaughton 1977; Loreau and de Mazancourt 2013) . These mechanisms include asynchrony in the responses of different species over time and spatial variability due to abiotic factors but also differences in the speed at which species recover from environmental fluctuations and lower interspecific competition due to functional complementarity (Loreau and de Mazancourt 2013) . Models based on the insurance hypothesis therefore predict that when species diversity of a given area is high, pooled measures of ecosystem functioning, over either time or space, result in low standard deviation/variance (across-observations) and vice versa (Fig. 1b) . The hypothesis has received both theoretical Ives and Hughes 2002) and empirical (e.g. Tilman and Downing 1994; Valone and Hoffman 2003; Tilman et al. 2006) support. The two effects, the increase in stability and the increase in ecosystem process rates, are not necessarily independent; Yachi and Loreau (1999) demonstrated in their theoretical study that identical drivers can result in both an Binsurance effect^and an increase in ecosystem process rates.
The vast majority of the existing literature on the biodiversity -ecosystem functioning (BEF) relationship originates from plot-scale manipulation experiments. Several observational studies that have attempted to test the BEF relationship have not found support for either hypothesis (e.g. Thompson et al. 2005; Adler et al. 2011 ). This initiated a long debate on the causes of the incongruence in the results between observational and experimental studies (e.g. Thompson et al. 2005; Hector et al. 2007) . A reason proposed to explain why no BEF relationship may be detected in observational studies is that in some cases the driving factors of ecosystem processes may be heterogeneity in abiotic variables (Hooper et al. 2005; Hector et al. 2007 ). Moreover, a confounding factor may be that in experimental studies the diversity gradients generated are on average steeper than those recorded in observational studies (Hector et al. 2007 ). The mechanisms that drive process rates along strong diversity gradients (e.g. two-fold variation) in small homogenous areas may differ from those found in naturally occurring communities where diversity gradients are weak and high environmental heterogeneity exists (e.g. Jiang et al. 2009 ).
For naturally occurring plant communities, Keddy (1990) proposed the centrifugal organization model (Fig. 1c) . The model postulates that within a landscape, more atypical environmental conditions (i.e. the extremes of any environmental axis) may support a higher diversity of plant species. An analog that is often used to explain the centrifugal organization model is that of a core plant community dominating the landscape and multiple rarer communities diverging from the core plant community. In a multidimensional space where multiple environmental gradients coexist it should be expected that the core plant community occurs under average conditions (e.g. pH, moisture) in the landscape. The more the environmental conditions deviate from these Baverage^conditions the higher the probability of a transition of the plant community to a less productive state; the latter happens to be more diverse because of the occurrence of specialist plants (Keddy and Fig. 1 Conceptual figure that highlights the expected relationships between species richness and ecosystem processes rates under (a) the redundancy model (note that in our redundancy model we assume no redundancy zone); b the insurance hypothesis; c the centrifugal organization model. The darker the color of the rectangles on the left, the higher the hypothesized rates of ecosystem processes are. These are summarized in the figures on the center. The three right panels are descriptive of the ideal results that would provide support to the hypothesis, as these were carried out in our analyses MacLellan 1990) . Although the original formulation of the model confines its scope to abiotic parameters of the environment, it is possible to relax this assumption and also consider other soil biochemical variables such as extracellular enzyme activities, which is the approach we adopt in this manuscript. If this model is true we expect that plant diversity will be highest in areas where biochemical process rates deviate from the typical -Baverage^-for the site rates (Fig. 1c) . The model is based on and is supported by empirical results (Rosenzweig and Abramsky 1986; Keddy and MacLellan 1990) .
What becomes obvious from this brief literature review is that the distinction between cause and effect when assessing the BEF relationship may not always be possible. In experimental studies, when diversity is manipulated within a confined, relatively homogenous space, diversity is clearly the cause of the measured BEF relationship. However, the distinction between cause and effect is not as clear in observational studies. In the case of the centrifugal model it is assumed that the ecosystem processes are those that drive the diversity patterns but this does not preclude a direct effect of plant diversity on ecosystem processes. Another aspect of our literature review worth mentioning is that the vast majority of studies have addressed the BEF relationship using primary productivity as the ecosystem process. To the best of our knowledge the number of studies that have considered other ecosystem processes is very limited (e.g. Kahmen et al. 2005; Kreyling et al. 2008; Vogel et al. 2013) . We conducted an observational study in a nature reserve to address the nature of the BEF relationship that was driving plant community dynamics. In our work we adopted a more narrow definition of ecosystem processes than in other studies (e.g. Mace et al. 2012 ) through excluding Bchanges in stocks^from the definition found in the abovementioned article; we did so because we expected that the Bstocks^in such a heterogeneous environment would reflect spatial variability rather than plant diversity mediated effects. Specifically, we targeted two N-cycling processes, urease activity and nitrification and two parameters informative of the microbial community dynamics, communitylevel physiological profiles (CLPP) and relative bacterial activity. Three of the four targeted ecosystem processes were related to belowground ecosystem functioning: Urease activity and nitrification were ecosystem rates and relative bacterial activity via representing an estimate of the relative abundance of two key group of microbes (i.e. fungi and bacteria) differing considerably in their ecology is a proxy of a number of processes such as nutrient assimilation efficiency and nutrient cycling (which is higher for fungi); sensitivity to disturbance (which is higher for fungi) and ability to recover from perturbations and temporal variability (which is higher for bacteria) (de Boer et al. 2005) . CLPP, by contrast, could be viewed as a proxy of decomposition potential. The degree to which CLPP classifies an ecosystem process was less clear than for the other three ecosystem processes. Nevertheless, a high decomposition potential is likely to result in a higher average decomposition rate throughout the growth season because soil receives a constant influx of abiotic compounds such as cellulose rich leaf litter and organic matter rich manure. We thus included CLPP axes as ecosystem processes.
We formulated the following three hypotheses: (i) plant species diversity and ecosystem process rates are positively and linearly correlated (i.e. non-redundant section of a redundancy-hypothesis based BEF response); (ii) spatial variability of ecosystem processes is of lower intensity in more diverse plots (insurance hypothesis); (iii) as ecosystem processes deviate from the mean habitat conditions, diversity of each plot will increase (centrifugal model).
Materials and methods

Experimental design
The experimental site is located within the natural reserve of Mallnow (52°27.778' N, 14°29.349′ E), Lebus, 76 km east of Berlin close to the Polish-German border. The mean annual temperature is 10.35°C (mean temperature of the warmest month is 20.25°C and of the coldest 0.5°C) and the mean annual precipitation is 546 mm; data are based on mean values for the years 2000-2010 as these were retrieved from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim at a resolution of 0.5 o × 0.5 o . The studied grassland is dominated by Festuca brevipila (aggregate F. ovina) and resembles (with the exception of some alkaline sandy areas) the Festuco-Sedetalia acris plant community (Oberdorfer 2001) . The dominant types of soils in the grassland are Luvic Arenosols. Other than occasional grazing, implemented for conservation purposes, disturbance levels in the reserve are low. We focused our harvests on three hills that exhibited gradients in soil texture (the top of the hills were sandy-loamy whereas downhill the soil was sandy -see Horn et al. 2015) with pronounced implications on plant composition and nutrient availability. On each of the three hills we marked three square macroplots with sides that varied from 12 to 15 m. Each square macroplot was divided into smaller square plots. Our work was carried out on the four corner plots in each macroplot, each having a size of 3 × 3 m; two of them were at the top of the respective hills whereas the other two were at the bottom, i.e. 12 plots in total. This sampling design provided a strong environmental gradient in a small area, with pronounced plant community shifts at a macroplot level that masked any plant community shifts at a landscape level.
We visited the site on two occasions; the 21st of May 2012 and the 17th of October 2012. In each of the 12 plots we randomly identified five sets of coordinates that corresponded to our five samples per plot making a total of 60 samples per sampling date. For each of our samples we identified the plant species and the functional group they belonged to (a categorical variable with four levels: either grass, dicotyledonous non-legume, legume, bryophyte/moss) within an area of 12 cm away from the coordinates and subsequently we obtained two soil cores (10 cm depth, 5 cm diameter) as close to the coordinates of the sample as possible. The soil cores were immediately sieved through a 2 mm sieve, refrigerated and transferred back to the lab. Soil was stored at 4°C till further analysis. Our laboratory analysis included, in addition to assaying multiple abiotic (pH, total C, total and inorganic N, water content) variables, measuring soil nitrification (Beck 1979) , urease activity (a surrogate of N mineralization; Kandeler and Gerber 1988) , relative bacterial to fungal activity (Rousk et al. 2009 ) and community-level physiological profiles (CLPP) of microbes based on consumption of different carbon sources (Campbell et al. 2003 . Plant species presence -absence tables were combined into a single plant richness estimate for each individual plot.
Data analysis
The dimensionality of community level physiological profiles (CLPP) was reduced by principal components analysis (PCA). The Kaiser-Guttman and the broken stick criteria agreed in assigning four significant axes. These along with the data on nitrification, urease activity and relative bacterial activity were the seven ecosystem processes (i.e. the four CLPP axes and the three processes) for which we tested hypotheses one and three.
In order to address the first hypothesis we engaged into three complementary analyses: (i) mixed effects linear models were fitted separately to each of the ecosystem processes; (ii) the seven ecosystem processes were standardized and averaged and a mixed effects linear model was fitted to the averaged ecosystem process values; (iii) we questioned how many of the ecosystem processes had values over a specific threshold defined as a proportion of the largest observed value (tested all possible integer percentage thresholds -100 in total). In the literature these three methods can be found with the following names: Bthe single functions approach^, Bthe averaging approach^, Bthe multiple threshold approach^ (Byrnes et al. 2014) . For the standardization step in the averaging approach we used z-score transformations of ecosystem processes. Our mixed effects linear models in all cases included in addition to the fixed effects factor realized richness, the random effects categorical parameter harvesting occasion and the spatial correlation structure which in our tests minimized AIC values (had the best fit).
To assess the second hypothesis, we implemented the methodology described in Tilman et al. (1998) . The analysis was conducted separately for nitrification, urease activity, relative bacterial activity and each of the substrates assayed in CLPP analyses. For each plot and process, we standardized the mean x relative to the respective standard deviation of the mean σ: (S ¼ x=σ). Higher values of S indicate greater stability. To reduce the likelihood of a statistical Type I error we averaged the S values for CLPP, which left us with four separate variables, nitrification, urease activity, relative bacterial activity and CLPP. The relationship between S and species richness was assessed separately for each variable through a mixed-effects linear model as stated earlier.
To evaluate support for the third hypothesis we conducted a PCA on the seven ecosystem processes that yielded four significant PCA axes. To account for spatial autocorrelation issues the PCA was conducted on the residuals of spatial autocorrelation models fitted on individual ecosystem processes. We then calculated the Mahalanobis distances of each sample from the centroid of the cloud of points. Mahalanobis distances represent a unitless measure of distance between points in a multidimensional space (Penny 1996) . We subsequently averaged Mahalanobis distances per plot and assessed any potential relationship with plot species richness through a comparable mixed-effects linear model to that described in the earlier paragraph. In this way, we could account for deviation of ecosystem processes from the mean habitat ecosystem functioning conditions. All analyses were conducted in R v 2.14.2 (R Development Core Team 2012). Data transformations to correct for normality were conducted as appropriate. While addressing the first two hypotheses we used univariate rather than multivariate statistics in assessing the relationship of multiple variables with species richness. We adopted this liberal approach (i.e. an approach that results in a higher likelihood of a type I statistical error -rejecting the null hypothesis in the absence of sufficient evidence -than a type II statistical error -failing to reject the null hypothesis when there is evidence against it) in order to ensure that we would better detect support for either hypothesis. For the same reason we report in our results p values as high as 0.1. Multivariate analyses to pool CLPP and to test hypothesis three were carried out following standardization of the matrices of the dependent variables.
Given the probabilistic nature of statistical analyses, absence of support for a result does not necessarily imply rejection. To this end we aimed at testing our hypotheses in a way that the statistical power would be comparable for all hypotheses. In this respect any positive or negative results would be descriptive of the relative ecological importance of each of the three causes or outcomes of biodiversity.
Results
At both sampling times a strong plant species richness gradient was observed in plots ranging from 4 to 15 plant species. No differences in plant richness (across samples -the plot richness that is reported earlier was calculated through pooling sample data belonging to the same plot) were found between the two sampling dates, which in May were 4.75 ± 1.6 (mean ± SE) plant species and in October 4.38 ± 1.5 plant species. The most diverse macroplot was macroplot I (averaging 13.5 and 13 plant species on the two sampling dates), and the least diverse was macroplot II (averaging 7.4 and 5.8 plant species -average on the two sampling dates). The extent of variability in the soil parameters in the experimental site is presented in Table 1 . Preliminary testing showed that no biochemical parameter alone could predict plant species richness.
With regards to hypothesis one (redundancy model), the only significant single functions test was that on urease activity data (t richness = 2.17, P = 0.032) with the rest having fits with P > 0.1 (supplement - Fig. 2 ). The averaging model approach did not yield evidence for the redundancy model either (t richness = −0.25, P = 0.8 -supplement). The multiple thresholds approach (supplement) yielded significant relationships for only four (out of 100) thresholds, which was attributed to stochasticity. With regards to hypothesis two (insurance hypothesis), we only found weak evidence in support of a positive relationship between plant species richness and S relative bacterial activity . (P species richness = 0.086, P sampling = 0.003 - Fig. 3 ). By contrast, the relationship between mean Mahalanobis distances per plot and plant species richness (centrifugal organization model) was significantly positive (P = 0.046 - Fig. 4) . 496 Plant Soil (2018) 424:491-501 All parameters were assayed separately in the two sampling dates. Cumulative results of both sampling dates are presented here
Discussion
We present here results from an empirical observational study. The grassland where the study was carried out experienced limited human related disturbance and was sustainably managed. Moreover, the focus on a nutrientlimited grassland environment ensured a moderately simple trophic system in which to address our hypotheses; dynamics in simple trophic systems are always easier to explain (e.g. Tetard-Jones et al. 2007 ). In the introduction we highlighted that part of the novelty of our study was the focus on belowground ecosystem processes. Why is it important to better understand the dynamics of belowground ecosystem processes? Firstly, belowground ecosystem processes have a pronounced effect in regulating the output rates of ecosystem services and goods (Mace et al. 2012) . For example, high rates of N mineralization may indicate a fast turnover of N, increased primary productivity and apparently higher availability of animal fodder (e.g. Fornara and Tilman 2009 ). Yet, the importance of studying belowground ecosystem processes mainly relates to them representing indicators of ecosystem resilience and sustainability of existing management regimes. For example, Fagotti et al. (2012) were able to demonstrate that conversion of a forest area in Brazil to arable land had pronounced negative effects on all soil N-cycling indicators including nitrification and urease activity rates. Similarly, pronounced variability in microbial community related indices such as relative bacterial activity and microrespiration rates may be indicative of disturbance regimes (e.g. Kang and Mills 2004) . We tested two of the most prevalent hypotheses in ecosystem ecology that link species diversity and ecosystem processes, the redundancy hypothesis and the insurance hypothesis. Despite our liberal approach, with the exception of urease activity for the single functions approach and the relative bacterial activity for which some weak evidence for the insurance hypothesis was found, we found no evidence for either of them. We believe that there may be two reasons for this result: (i) because of the strong environmental gradients in our macroplots, ecosystem process rates may have been primarily driven by abiotic factors -this appears to be a recurrent concept of relevant studies in the literature (e.g. Hooper et al. 2005 ); yet, testing the redundancy hypothesis first in any type of ecosystem is the most intuitive way to initiate exploration of BEF relationships and the number of empirical studies that have supported this idea is extremely limited; (ii) unlike most of the existing literature, we have not addressed plant productivity as a demonstration process of an ecosystem process -potentially the mechanisms that drive the BEF relationship patterns for plant productivity differ from those for the ecosystem processes we studied here. Romanuk and Kolasa (2002) assessed species richness and ecosystem stability relationships in an aquatic system and reported that when environmental variability in the total community was high any BEF relationships were masked; yet, this has been one of the very few empirical studies to confirm the results of theoretical models with regards to the potential impacts of abiotic variability in a system (e.g. Fridley 2001) . As a matter of fact, there has been a strong debate that an insurance (portfolio) effect may be expected in environmental data as a result of statistical reasons alone (e.g. Doak et al. 1998) . On the other hand, when addressing the redundancy hypothesis, we did not assume any redundancy zone. Other than the fact that the existing literature appears to support such an assumption (e.g. Isbell et al. 2011) , we justify our choice based on the strong, almost fourfold, plant species richness gradient that was found in our site (4-15 plant species); any potential To average ecosystem process rates, we used a ztransformation. Black crosses originate from the first sampling whereas grey crosses from the second. Relationships were assessed through a mixed effects linear model that accounted for temporal and spatial dependences; Note that we did not detect any significant relationship redundancy effect might have been expected only for the most diverse plant communities and a positive relationship between plant species richness and ecosystem functioning should still have been detectable.
We found support for the hypothesis that plots with more atypical conditions would support higher plant diversity (hypothesis three -Fig. 4 ). Contrary to the other two hypotheses where plant species diversity was a predictor of ecosystem functioning, in the case of the centrifugal model it is assumed that plant species diversity is an outcome of variability in ecosystem processes that is driven by environmental variability. In reality, plant species diversity is both a response and a predictor of ecosystem functioning, which is definitely true in our observational study. The idea behind the centrifugal model is based on the fact that local plant communities are open to plant migration. Areas in the landscape that experience atypical plant growth conditions may be favorable for plant species that typically do not occur in the site. Simultaneously, the migration potential of the plant species dominant in the landscape is high and they can support sink populations in such unfavorable patches (Loreau and Mouquet 1999) . The result is that these patches become colonized by more diverse plant communities than the rest of the landscape. Based on this the effect should be more pronounced Fig. 3 Plant species richness (x axes) -ecosystem process stability relationships (y axes). Black crosses originate from the first sampling whereas grey crosses from the second. Relationships were assessed through a mixed effects linear model that accounted for temporal dependence; sampling was used as a fixed effects categorical factor whereas plot was a random effects categorical factor. The letter S is used to denote the ratio between the mean ecosystem processes recorded in the plot standardized based on the respective standard deviation. Note that we only found weak evidence for a positive relationship for relative bacterial activity (panel c, P richness = 0.09); in the model the lines for the two sampling dates are drawn separately as there was a significant sampling time effect (P = 0.003) when there are strong environmental gradients. Our view is that through focusing our study on sites with strong environmental gradients we unintentionally selected for this type of effect. The centrifugal model remains an underexplored hypothesis in ecosystem ecology and our results highlight how important this alternative mechanism may be in explaining community dynamics in natural plant communities.
There have only been a few observational studies that address ecosystem processes other than primary productivity (e.g. Romanuk and Kolasa 2002; Mokany et al. 2008) . Observational studies typically encounter increased complexity associated with the complexity of natural systems and thus lack the mechanistic resolution of manipulative studies. On the other hand, they represent excellent tests of the extent of ecological significance of identified mechanisms from manipulative experiments -whether they are masked or not from environmental Bnoise^. As stated in the introduction, there has been strong experimental support in the literature for the first two hypotheses we addressed, the redundancy hypothesis and the insurance hypothesis; yet we did not detect any clear evidence for either of them in our study site. Could this have been due to limited statistical power? The number of unique plots was moderately high and the statistical approach we implemented was quite liberal. Definitely, had we analyzed a higher number of samples, many of these slopes would have been significant but this would have been because of subtle changes; the statistical power was sufficient to find significance of the centrifugal model in comparison. As stated earlier we believe that this result was due to the specific environmental variability that characterized our site; due to the specific settings, richness was the effect and not the cause of ecosystem processes variability. Yet, this highlights our ignorance on the amount of environmental variability required to mask any redundancy or insurance effects of plant diversity. A central take home message from our report is that future studies should focus on the level of environmental variability that is required to mask such relationships, rather than on addressing the presence/absence of BEF relationships.
In conclusion, in our report we tested three influential BEF hypotheses with data in a grassland that exhibited high environmental variability. Our analysis allowed us to study how this high environmental variability could affect BEF relationships, and specifically effects on belowground ecosystem process rates that have rarely been addressed before. To the best of our knowledge, our report is the first in terrestrial ecosystems to not find support for either the redundancy or the insurance hypothesis. By contrast, we did find support for the centrifugal model. Finally, based on our results we highlighted gaps in the existing BEF relationships literature that have the potential to initiate a new generation of experiments addressing BEF relationships. Fig. 4 Plant species richness (y axis) -mean Mahalanobis distance relationship per plot (x axis) relationship. Black crosses originate from the first sampling whereas grey crosses from the second. The relationship was assessed through a mixed effects linear model that accounted for temporal dependence; sampling time was used as a fixed effects categorical factor whereas plot was a random effects categorical factor. Overlaid black line depicts the significant (P < 0.05) mean Mahalanobis distance effect in explaining plant species richness. Note that analyzing each of these two sampling points separately would yield a steeper slope and it might be the case that through our combined analysis we underestimate the associated effect size
